RBsumg -Dans 18Bpitaxie du silicium sous une pression rgduite, nous proposons un modsle de piBgeage des impuretgs par des molgcules de silane dans la couche limite du courant des gaz. A l'aide de ce modsle, nous pouvons expliquer les resultats obtenus dans nos expgriences d'auto-dopage en fonction de la pression totale, de la fraction molaire du silane par rapport Z l'hydrogsne et de la tempgrature de croissance. Nous calculons ensuite numsriquement le facteur dlauto-dopage dans de diffgrentes conditions en nous servant des paramstres physiques de la cingtique des gaz, ce facteur Btant dBfini comme le degr6 de lleffet de la capture. Nous comparons enfin nos rssultats expsrimentaux de llauto-dopage dans diffgrentes conditions avec la thgorie fondge sur le facteur d'auto-dopage dBfini ci-dessus.
Introduction
Although reduced pressure epitaxy (RPE), in which autodoping is extremely suppressed, is applied for fabricating thin crystalline films of silicon necessary for very large scale integrated circuits, theoretical treatments of the small autodoping have been scarcely carried out in terms of physical parameters. While Pogge et a1 suggested that the probability of escape of impurity atoms evaporated from buried layers in a substrate and from a susceptor across the boundary layer of the gas should be increased with the decrease of the total pressure in a reactor, the theoretical dependences of autodoping on the total pressure, the mole fraction of silane to hydrogen, and the growth temperature have not been analysed definitely. [ 11 This paper describes the first trial in the theoretical analysis of autodoping in RPE by using physical parameters in the kinetic theory of gases. Autodoping during the film growth is explained by using a simple model of the discontinuous distillation step. The theory is compared with our experimental results on autodoping for different conditions in RPE of the pyrolysis of silane.
Experimental results by many workers show that autodoping is remarkably suppressed by reducing the total pressure, PT, to about Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982512 100 Torr which is not so low comparing with the atmospheric pressure. [2, 3, 4] For 100 Torr and 1000°C, the mean free path of impurity atoms, arsenic (As) in this case, is as small as the order of 1 0 ' + c m . On the other hand, the thickness of the boundary layer, 6 , in ordinary conditions is estimated to be 0.1-1 cm by the Eversteyn theory- [5] and 1-10 cm by the usual theory [6] , which are much larger than the above value of the mean free path, resulting the small escaping probability of As atoms beyond the boundary layer, about exp(-1000). This paper is due to solve the ab'ove ploblem.
Experimental
Experiments of dependences of autodoping without a doping gas on the total pressure, P+, the mole fraction of silane to hydrogen, F, and the growth temperature, TI were carried out in a horizontal type reactor by using substrates the buried layers of which were formed at the centers of the front surfaces. Different substrates of p-type 10-20~crn (111) surface and n-type 4 -6 w m (100) surface were used. The total pressure was ranged from 50 to 300 Torr and adjusted by varying the gas flow rate of the outlet under a constant flow rate of the inlet. The growth temperature was from 880 to 1130OC. The mole fraction of silane to hydrogen was from 1 X 10-sto 4x10') by varying the flow rate of silane or hydrogen, where the silane gas was diluted to 20 % by hydrogen. The growth rate was from 0.28 to 0.32 fim/min at different values of PI , when the flow rate of hydrogen in the inlet was 110 SLM (Standard Liter per Minute), the value of Fig.1 The impurity concentration vs. the distance from the buried layer be nearly 2 p m . The surface concentration of impurity for different films, 2 p m thick, measured by the C-V method was nearly equal at equal distances from the center of the buried layer and decreased with the increase of the distance away from the center in all radial directions as shown in Fig.1 . With the decrease of T below 980.C and the increase of F above 3.3X10-4, the impurity concentration at a position in the downstream of the flow was larger than that of the corresponding position in the upstream. The above results indicate that autodoping in our case is not due to evaporation of As from the back surface of the substrate and the surface of the susceptor, but due to that from the buried layer in the front surface, where careful preback was carried out before each growth experiment. The surface impurity concentration, q , vs. the total pressure, P+, for F = 2.7 X loa3 and T = 1050°C are plotted in Fig. 2 for different positions of different films, 2 p m thick, fabricated at different total pressures, where the values of a-in arbitrary unit are normalized to those at 300 Torr. The growth rate, G, was increased slowly with increases of PT and TI and was proportional to F in our experimental ranges.
General features of autodoping in RPE were as follows ; Autodoping is, (i) decreased with the decrease of PT, when F and T are constant, (ii) decreased with the increase of T, when layer of the substrate, Ns, is equilibrium with the As density in the gas of the interface, nl. We assume the thickness of the solid layer of equlibrium to be l/a as shown later. 2) From the substrate surface, As atoms diffuse out into the boundary layer, colliding with hydrogen molecules ( H a ) without reaction. 3) Silane molecules (SiH4) diffuse to the silicon surface and combine with As atoms during the travel in the boundary layer, resulting the growth of autodoped crystal. 4) Arsenic atoms escaping beyond the boundary layer/or the stagnant layer are less effective to autodoping, and only As atoms trapped in the boundary layer play a role to doping of the grown crystal because of the gas flow in the external region of the boundary layer. The above model is sketched in Fig.3 . The diffusion of As atoms in the gas is similar to that of minority carriers in semi- the boundary layer is defined as conductors. The collision of As atoms to Ha molecules and the trapping time by SiH+ molecules in the former correspond to the scattering of minority carriers by lattice vibration and the life time due to recombination in the latter, respectively. From the above model, the behavior of As atoms in the gas is given by, where nl is the density of As atoms in the gas, D12 the mutual diffusion coefficient of As atoms in Ha gas, and T t d the trapping time of As atoms by SiH+ molecules. Here subscripts 1, 2, and 3 denote As, Ha, and SiH+ , respectively. The autodoping factor, A, which corresponds to the degree of trapping of As atoms by SiH4 molecules in follows , where x is the distance in the direction from the interface to the gas and nrgo the density of As atoms in the gas at the interface.
Because of exsistence of the density gradient of SiH4 gas [51, z w in the boundary layer may be approximately given by, where Ti3 is the constant value for the external-region out of the boundary layer. When Tq3is approximated as 2 T43, the value at x = 6/2, the diffusion length of AS atoms in the gas, L, is given by, Under the boundary conditions that f (0) = 1, f(oo) = 0, and f (x) is uniformly continuous at x = 6 , f(x) is given by, 4 1, ra= 1.2 1, and r3= 3 1. [8, 9] In order to obtajn curves of A vs. PT, different curves of A vs. b are shown in Fig. 4 , which are calculated by using Eqs. (2) , (5) , and (6), for F = 2.7X10-3, and for different values of diffusion length, L. We assume that the gas temperature, Tq, is uniform near the boundary layer and 50°C lower than the growth temperature, T. In Fig.4 , are designated on the curves different values of L which is inversely proportional to PT@, shown in Eq. (9), and is shown the dashed curve of a strict solution by using Eq.(4) for reference.** Fig.5 shownscurves of A vs. Pr obtained from Fig.4 for different values of 6 in the vicinity of A = 1.
We shall discuss autodoping in relation to the film growth according to an approximation of a series of discontinuous step. 1101 We assume that main source of autodoping is due to impurities in the buried layer. In the first step, a thin film of some thickness is deposited on the substrate and the dopant concentration of the first Fig.4 The autodoping factor, A, vs. the thickness of the boundary layer,b, for different values of diffusion length of As atoms in the gas, L. The calculation is carried out for T = 1000°C and F = 2.7X10-3. The dashed curve is due to the strict solution by using Eq. (4).
where Nso is the concentration of As in the, solid thin layer at the near-surface and k a constant concerning with the growth rate, the solid-state diffusion coefficient of As during epitaxial growth, and the evaporation rate of As from the growing surface. In the geometrical progression to the i-th film, the dopant concentration, Ni, is given by, In each step, the density of As atomsin the gas is assumed to be in equlibrium to the concentration of As in the one step layer of the near-surface, since in the solid layer an amount of evaporated As atoms is very small compared with the total amount of As atoms during the one step growth. Eq. (11) is transformed to the following expression, From the equilibrium condition of As atoms between the gas of the interface and the thin layer of the solid, the thickness of the one step growth, 1/a, in Eq.(12) may be equal to the solid-state diffusion length of As atoms in the time of the one step growth, Ls, in this discontinuous model. Therefore, Where Ds is the anomalous solid-state diffusion coefficient in epitaxial growth and G the growth rate.
In our case, the following relation prevails according to our conditions of experiment and theory ; (The diffusion velocity of As atoms in the gas)a(The flow speed of the gas in the reactor) (The growth rate of epitaxial film)z(The solid-state diffusion velocity of As atoms) The error is very small in using Eq. (5), when we compare the corresponding solid curve with the dashed one calculated from the strict solution of Eq.(4), as shown in Fig.4 .
IV. Discussions
We shall try to comware the experimental results on autodopinu --vs. the total pressure shown in ~ig.2 with the theory. In the approximation of the discontinuous step growth, OC in Eq.(13) is estimated to be 25 pm-1, when we use Ds = 2 X10~~crn~/sec, which is about a hundred times larger than the normal one [11, 121 , and G = 0.3 pm/min. The value of 8 is obtained as 0.35 + 0.04 cm, when we fit the experimental data of Fig.2 to the theoretical curves such as those shown in Fig.5 with the use of Eq.(12).
In Fig.2 , a theoretical curve corresponding to that d = 25 pm-1 and b = 0.35 cm is shown for reference.
In the usual theory of the boundary layer [6] , the thickness of the layer is given by, where )A is the viscosity, z the position in the direction of the flow,pthe density of the gas, U the velocity of the flowing gas.
In the experiment of w vs. P r , bis probably unchanged in varying Pt, since p U in Eq. (14) is constant under our experimental conditions.
Although the dependences of autodoping on F and T are rather complicated to analize because of the changes of 6 and a with the change of F and T under our experimental conditions, general characteristics are explained in terms of L , 8 , and a as a function of F and T. In the first approximation, the general features of autodoping are qualitatively described by the change of L which is increased with the decrease of F and the increase of T, when we assume that the values of 6 and a are not so much changed.
When the model is confined in the approximation of the discontinuous step growth, the solid-state diffusion is considered only as supplying As atoms from the inner part of the layer of the one step to the surface emitting As atoms, so that the concentration of As should be uniform everywhere in the one step layer. A more detailed and dynamic theory containing the solid-state diffusion from the one step layer to the next one during evaporation of As will be presented in future to explain the experimental results more perfectly.
V.
